To further explore the nature of the two kinds of movements seen in our experiment, additional single-molecule bead-motility experiments were performed at 50 μM ATP (K m,ATP = 32 ± 8 μM for K401-BIO-H6) plus 25 or 5 μM AMP-PNP. Under both of these conditions, we observed long and short distance movements similar to that seen at higher nucleotide concentrations. As seen with saturating ATP, the mean distance moved in the long run state is AMP-PNP dependent (239 ± 27 nm and 699 ± 153 nm at 25 and 5 μM AMP-PNP, respectively; Fig. S1 ). [For the analysis of these experiments, the discrimination algorithm for detecting run and pause events was modified to only count at least three frames of nonmovement as a pause (i.e., minimum pause duration = 0.099 s). In control experiments with 50 µM ATP alone, this algorithm detected 8.1 pauses per 10,000 nm of movement. Run lengths were obtained by fitting the run length distribution (n = 257 and 195 at 25 and 5 µM AMP-PNP, respectively) to a bi-exponential probability density function as described. The distribution was not corrected for missing events.] Velocity of the enzyme during the long runs (421 ± 55 nm/s from all runs > 500 nm, n = 57) is similar to the velocity at 50 μM ATP alone (389 ± 70 nm/s, n = 16). This further confirms the hypothesis that movement during long runs is driven by uninhibited kinesin molecules. The mean run length of the enzyme during the short runs (13 ± 1 nm and 11 ± 2 nm at 25 and 5 μM AMP-PNP, respectively) is independent of AMP-PNP concentration and is similar to the observed short run length (?12 nm) seen at high ATP concentration (Fig. S1 ). This implies that the rate of exit from the short run is independent of both ATP and AMP-PNP concentrations in the tested range. This result is consistent with a model (e.g., Fig. 5 A) in which exit from the short run state occurs by conformational isomerization. As with the records from high nucleotide concentrations, the velocity of the enzyme during the short runs could not be determined because the distances moved were short and the run duration was often less than the experimental time resolution.
Population Homogeneity
As noted elsewhere, run length distributions calculated from single records often approximated the population run length distributions (Fig. 2 B) , showing clear signs of both long and short runs. A minority (<6%) of records had only short runs. It is unclear whether such rare records occur by chance because of the finite record length, or whether they arise from a very small subpopulation of enzyme molecules that for some reason is incapable of long runs.
Simulation of the One-Step and the One-or Two-Step "Short Run" Models One-Step "Short run" Model. We considered the possibility that instead of moving in two different kinds of multistep runs with long and short mean lengths, the enzyme moves in only one (long) type of multistep run but also takes occasional isolated individual 8-nm steps. In this hypothesis, short movements greater than one step in length would be attributed to two or more such isolated steps separated by short, undetected pauses. To test this hypothesis, we simulated displacement records with added experimental noise in which the enzyme moves both in runs with a mean run length of 200 nm (long run length at 0.5 mM ATP and 0.5 mM AMP-PNP) and in isolated 8-nm steps that occur at a set probability per unit time. The pauses used for the simulation were distributed according to the observed pause lifetime distribution at these nucleotide concentrations. At all step probabilities tested, run length distributions derived from the simulated records are significantly more peaked at short lengths than are those from the experimental data ( Fig. S2) , showing that the single-step hypothesis does not adequately explain the observed behavior. This analysis confirms that the short events represent short Figure S1 . Distribution of run lengths larger than 12 nm for single enzyme molecules in mixtures of 50 μM ATP and 25 or 5 μM AMP-PNP (note logarithmic scale). Solid lines are bi-exponential probability density functions fit to the data.
episodes of sequential stepping, not simply occasional isolated single steps.
One-or Two-Step "Short Run" Model. We also considered a variation of the one-step short run model in which the enzyme can take either one or two steps in the short run. Movement records in which the enzyme moves in long runs with a mean run length of 200 nm and makes 8-or 16-nm displacements were simulated as described in the previous section. A wide range of frequencies for the different types of events were tested. The run length distributions obtained from these simulations (Fig. S3) show that the experimental distribution does not fit models in which the enzyme takes no more than two steps in the short run.
Short-Run Duty Ratio
To estimate the short-run duty ratio, the plus-end bias during short runs was measured by calculating the fraction of negative displacement events f in all single-frame movements in the [+6, +10] and [−10, −6] nm ranges at 0.5 mM ATP and 0.2 mM AMP-PNP. The counts were corrected for the number of events from experimental noise using control records acquired with AMP-PNP alone. Only records with noise levels below a fixed threshold were used in these measurements. Assuming a two-state model in which there are only two kinds of states in the catalytic cycle-one tightly bound and one freely diffusing with no barriers-the duty ratio is calculated as (τ cycle − τ diffusion )/τ cycle , where τ cycle = 10 ms, the average duration of the uninhibited catalytic cycle. The value τ diffusion = 3.7 μs was calculated by solving the equation (Berg, 1993) :
where D is the diffusion constant of the bead and x is the position along the microtubule axis.
AMP-PNP Inhibition of Kinesin Steady-State ATPase
Steady-state kinesin ATPase activity at near-saturating microtubule concentrations, 0.5 mM ATP, and 0.02-0.5 mM AMP-PNP was measured in the same buffer used for motility experiments. A reciprocal plot (Fig. S4) shows systematic deviation from the linear curve as expected for a mechanism more complex than a simple competitive or substrate-antagonistic scheme. Simulations of ATPase activity from the kinetic scheme and rate constants shown in Fig. 5 have a similar shape but show smaller deviations from linearity. This may result from one or more of the paused states being capable of ATPase activity that is not coupled to movement. Such uncoupled activity would contribute to the measured ATPase without directly affecting the measured motility velocities.
Correlation Analysis
To determine if the next run after a short or long run tends to be the same kind of run, the correlation coefficient (R ll ) for the lengths l i and l i + 1 of pairs of consecutive runs from all records at a given nucleotide concentration was calculated as Figure S2 . Simulations of run length distribution for a mechanism in which the enzyme moves with a mean run length of 200 nm and takes occasional 8-nm steps. The black curve is the bi-exponential fit to the experimental data at 0.5 mM ATP and 0.5 mM AMP-PNP and the other curves simulations with the indicated ratios of number of 8 nm steps to number of long runs. Only the initial part of the distributions is shown here. where l is the mean run length at that concentration (Colquhoun and Sakmann, 1985) . As a control, the same runs were randomly reordered and R ll was recalculated. The correlation coefficient between durations (t) of consecutive pauses was determined similarly. Cross-correlation coefficients between the length (l) of a run and the duration (t) of the immediately following pause were calculated as
While some R ll and R tt values exceeded the control values by a statistically significant margin, all correlation and cross-correlation coefficients were judged too small (0.067-0.3 for correlation; 0.002-0.04 for cross-correlation) to yield any reliable conclusions about the positions of run and pause states in the mechanism.
Sampling Bias at Low and High AMP-PNP
At the highest AMP-PNP concentration (3.0 mM), the long and short run lengths become closer in value (Fig. 3) , leading to slightly less reliable determination of the bi-exponential run length distribution fit parameters. Conversely, at the lower AMP-PNP concentrations (0.1 mM and 0.05 mM), the mean run length of the long run approaches ?40% of the mean distance moved before dissociation of kinesin from the microtubule (2107 ± 197 nm) . This causes the longest runs to be undercounted, leading to a slight systematic underestimation of the long run length under these conditions. This effect probably explains why the reciprocal run length does not extrapolate precisely to zero at zero AMP-PNP concentration (Fig. 3 A) .
S U P P L E M E N T A L M E T h O D S

ATPase Assay for Inhibition Studies
A pyruvate kinase/lactate dehydrogenase coupled assay system was used to monitor ADP production as previously described (Young et al., 1995) , except that tubulin concentration was 1 mg/ml (tubulin:kinesin mole ratio > 50), ATP was at a final concentration of 0.5 mM, and AMP-PNP was added to the stated concentration. In control assays, AMP-PNP at a higher concentration than any used in the experiments caused no detectable inhibition of the coupling enzymes.
Correction of Experimental Run-and Pause-Length Distributions
To measure the extent to which the discrimination algorithm over-or undercounted events of a given duration, we performed a numerical simulation in which a list of alternating run and pause events (16,000 events each) was generated such that run length and pause lifetime distributions were identical to the experimental distributions. A simulated data record with experimental noise was generated by concatenating randomly selected segments of ATP-only and AMP-PNP-only control records for the runs and pauses, respectively. Pauses and runs were then discriminated in the simulated records using the same algorithm applied to the experimental data. Finally, corrected experimental distributions were calculated from
exp dis n t n t n t n t where n(t) is the number of events in each bin centered at time t and the subscripts real, dis, exp, and corr refer to quantities from the simulated records, discrimination of the simulated records, discrimination of the experimental records, and corrected experimental values. The reported distributions are those that were corrected and refit using weights of
corr corr exp dis n t w t N n t n t where w(t) is the bin width and N corr is the total number of events in the corrected histogram. Corrections in n(t) exp were typically small (± 0.18 n(t) exp ) and resulted in only minor (<19%) changes to the values of fit parameters.
Estimation of Rate Constants
The single-step rate constants in Fig. 5 (A and B) were estimated by the maximum interval likelihood method 
